Abstract : In this chapter, the basic methods used to develop computer models are explained by considering an example. It is shown that the models use the simple equations given in Chapter 1 rather than their integrated forms. A model for pressure-driven fl ow and diffusion through a waste containment barrier is considered. The lines of code correspond exactly to the equations that are being applied and the key equations and their corresponding code are discussed. Example calculations from the model are presented which show the key infl uence of adsorption on transport.
Introduction
Having defi ned the basic physical equations in Chapter 1, there are two possible ways to make use of them: they may be integrated either analytically or numerically. Both approaches are used in different chapters of this book.
In this chapter, a simple approach to numerical integration using BASIC computer code is described. This numerical integration may also be described as fi nite step modelling. The computer modelling was carried out using code written in Visual Basic running as a macro in Microsoft Excel on a standard desktop computer. There are many different software packages available which can be used for modelling of this type. However, the author is not aware of any that can model the particular complexities that arise in the transport processes in concrete. In particular for the electromigration model, which is used in several of the later chapters of this book, there do not appear to be any packages that can adequately account for charge conservation. Also when considering pressure-driven fl ow combined with diffusion in a multilayer containment barrier, no packages were found that could be used for modelling. It must also be observed that a simple model for, say, pressuredriven fl ow combined with diffusion can be written in a few hours and will run on any computer with Microsoft Excel without the need to locate and purchase a package. The main limitation of this type of programme is that DOI : 10.1533/9781782423195.17 it is one-dimensional and can only model situations in which the fl ow is linear or there is, for example, circular, cylindrical or spherical symmetry.
To give an example of how the code can be written, combined pressuredriven fl ow and diffusion through a barrier is considered. The use of this particular model is described in Chapter 15 which also explains the purpose of the three layers. The same programme was used to analyse the threelayer barriers used in the site trials and the single-layer samples tested in the laboratory.
The structure of the programme is shown in Fig. 2 .1 ; it loops through the sample in time and space. Examples of the code are discussed in Section 2.2.
2.2
Expressing the basic equations as computer code
Input data
The barrier is constructed with up to three layers. Each layer is characterised with parameters as follows. For any layer j :
Within the programme, each layer is divided vertically into a large number of cells. The calculation is carried out for a unit cross-sectional area (1 m 2 ) so the cell volumes are numerically equal to their thicknesses.
Code example 1: calculation of Darcy velocity
The computer code is complicated by the fact that this code was written for a multi-layer barrier. The Darcy velocity is calculated as follows:
where h is the total height of the water column on the sample which is added to the height (thickness) of the sample itself if the fl ow through it is vertical, but not if it is horizontal (as in lab tests).
The variables are expressed in the computer code as follows: 
Code example 2: updating input to cell
The sample is divided up into cells as shown in Fig. 2 .2 , where cin and cout are the total fl ows due to pressure-driven fl ow during the time step and din and dout are the fl ows for diffusion. As the programme moves to consider the next cell, the fl ow out of the previous one becomes the fl ow into the next. The code for this is:
Code example 3: advection and diffusion calculation

Advection calculation
The advection from cell i to cell i + 1 during a single time step d t is calculated as:
The variable d t is expressed as dtd in the code so it becomes:
where:
CL(I) = Cl i , the concentration in the liquid in cell i V is the Darcy velocity of the fl ow and dtd is the time step.
Diffusion calculation
The cells may be in different layers of the barrier with different porosities, diffusion coeffi cients and cell thicknesses. The formula assumes that cell sizes have been set so all cells are entirely in a single layer and thus do not have a layer boundary in them. The diffusion from cell i to cell i + 1 during a single time step d t is calculated as:
where Ct i is the cell thickness. For the code, clayer is the layer in which the current cell (I) is located and nlayer is the layer in which the next cell (I + 1) is located. IDIF(clayer) , POR(clayer) and CTHICK(clayer) are the intrinsic For the upper and lower cells (numbers 1 and n ), the diffusion is doubled because the diffusion path to the centre of the cell only runs through half the distance of solid. Where CTHICK(clayer) is the cell thickness in the layer in which the cell is located and is equal to the volume because a unit cross-sectional area is considered.
Code example 5: updating concentration in cell
The total concentration C s in cell (I) is CS(I) and is increased by change(I) . The concentration C l in the liquid CL(I) is then calculated using the capacity factor α , CAP(clayer) . Thus the code is:
CS(I) = CS(I) + change(I) CL(I) = CS(I) / CAP(clayer) [Code example 5]
A few additional lines of code (probably in a subroutine) could be used for a non-linear adsorption isotherm (i.e. α varying with concentration).
Other elements of the code
Checking the code
Transport by advection alone reaches a steady state when the concentration throughout the barrier C i s = the concentration above it C s0 . Thus:
Transport by diffusion alone reaches a steady state when there is a linear concentration gradient through the barrier. The fl ux is given by:
These values are calculated at the start of the programme and can be used for checking purposes. The steady state values were checked by hand calculation and, for a number of different confi gurations, the programme was run for long enough to reach an effective steady state and the output checked for agreement. For a single layer, the model was checked for agreement with the PHREEQE transport code (Parkhurst et al. , 1990 ) for a single element.
Time step
The time step d t for the programme is set to an estimated value and the time to breakthrough is calculated. The time step is then halved and the process is repeated. A change of less than 5 % in the breakthrough time is taken to indicate stability (this could be reduced for greater accuracy -with each generation of faster computers the accuracy can be improved without extending the run time.)
The relationship between the time step and the cell size is initially determined by the advection calculation. This can mean that, if the diffusion fl ux is high, the concentration in the cell can change substantially during a single time step (it is assumed to remain approximately constant). This is checked and, if the resulting change in concentration in the cell exceeds 25 % of the concentration, the time step is reduced. In order to save time, the time step can be increased by 2 % in each loop and this check will then reduce it if it becomes too large; however, with increasing time the concentration will tend to change less.
Example: calculations for a waste containment barrier
This code was used to calculate the fl ow through a multilayer concrete barrier 1 m thick. The full details of this project are given in Chapter 15, but results are presented here for a single layer barrier to demonstrate the effect of the different material properties. Figure 2 .3 shows the base case which is a 1 m head of leachate on a 1 m thick concrete barrier with a permeability of 10 − 9 m/s, a diffusion coeffi cient of 5 × 10 − 10 m 2 /s and a capacity factor of 10 (typical values for concrete). The graph shows the concentration of contaminants across the barrier at different times. It may be seen that in the steady (fi nal) state, the concentration is at its maximum level throughout the barrier. This occurs because the fl ow is driven by pressure gradient, and water with a high concentration of contaminants will fl ow all of the way through the barrier. steady state concentration can be seen to show a linear decrease across the sample because diffusion is driven by the concentration gradient and can therefore never cause the concentrations to rise above these values. Figure 2 .6 shows the effect of changing the capacity factor for each of the examples shown above. It may be seen that this increases the breakthrough time far more effectively than reducing the permeability, which was 10 − 9 for the base case and 10 − 12 for the diffusion control case. Chapter 15 describes how this model was validated by constructing trial cells, fi lling them with leachate and extracting samples of pore solution at various depths over a period of three years. With this validation, it was then possible to use the knowledge of the transport properties to predict the performance of the barrier throughout its life. This made it possible to select materials for the concrete which will achieve the containment performance required by the regulatory authorities. 
Conclusions
• If it is possible to model the transport processes in one dimension (e.g. with linear fl ow or circular or cylindrical symmetry); simple computer programmes may be written to simulate them. • The basic transport equations from Chapter 1 may be used in the programmes. It is not necessary to use integrated forms.
• The programmes apply these equations repeatedly by looping through time and position. • The time step may be adjusted to reduce run times, but with modern computers only simple tests for this are necessary because run times are normally very short.
• A simulation of pressure-driven fl ow and diffusion in a concrete barrier shows the signifi cance of adsorption in the results. 
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